It is a great challenge to spontaneously assemble achiral molecules into twisted nanostructures in the absence of chiral substances. Here we show that two achiral centrosymmetric quinacridone (QA) derivatives, N,N'-di(n-hexyl)-1, 3, 8, 3, 8,, can be employed as building blocks to fabricate well-defi ned twisted nanostructures by controlling the solvent composition and concentration. Bowknot-like bundles with twisted fiber arms were prepared from C6TMQA, whilst uniform twisted fibers were generated from C10TMQA in ethanol/THF solution. Spectroscopic characterization and molecular simulation calculations revealed that the introduction of ethanol into the solution could induce a staggered aggregation of C6TMQA (or C10TMQA) molecules and the formation of twisted nanostructures. Such twisted materials generated from achiral organic functional molecules may be valuable in the design and fabrication of new materials for optoelectronic applications.
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The self-assembly of twisted or helical nanostructures based on functional organic molecules has become a hot topic. The construction of these nano-structures is very important in increasing our understanding of some life substances and may afford a promising approach toward the design and synthesis of materials with potential applications in areas such as sensors, liquid crystals, and optical activity [1 6 ]. Three strategies have been employed to construct helical or twisted structures. Generally, the supramolecular helical or twisted objects have been generated by assembling small organic molecules containing chiral groups such as peptides, lipid bilayers, glucose, bola-amphiphiles, or π-conjugant oligomers [7 12 ]. In some cases, achiral molecules can be assembled into twisted or helical fibers through the introduction of chiral molecule templates [13, 14] . Furthermore, some highly anisotropic achiral molecules such as amphiphilic cyanine dyes, cationic surfactants, and asymmetric porphyrins, have been used to prepare twisted or helical nano-structures [15 20] . The design and synthesis of achiral organic functional molecules which can assemble into well-defined twisted or helical architectures in the Nano Res (2009) 2: 493 499 absence of chiral substances are still great challenges. Investigating this phenomenon is important in understanding the origin of chirality and may lead to efficient methods for the fabrication of chiral materials with novel properties [21, 22] . Quinacridone (QA) and its derivatives have displayed excellent photovoltaic [23, 24] and organic electroluminescent [25, 26] properties. The three-dimensional (3-D) supramolecular structures in crystals [27 29 ] and the two-dimensional (2-D) assembly properties in fi lms [30 33 ] of QA derivatives have been extensively investigated. Recently, we have successfully constructed one-dimensional (1-D) nanofibers based on QA derivatives, and the size-dependent luminescence properties of the QA-based nanofi bers have been documented [34] . In this contribution, we report that a dopant solvent can induce the hierarchical self-assembly of twisted structures with luminescent properties based on achiral centrosymmetric QA derivatives.
The QA derivatives (Scheme 1),
,10-tetramethylquinacridone (C10TMQA), were synthesized according to the published procedure [28, 34] . The solution evaporation method was used to fabricate the samples. A 50 μL aliquot of C6TMQA or C10TMQA in ethanol/THF (THF = tetrahydrofuran) solution was dropped on a substrate located in a glass container with a cover. After natural evaporation of the solvents at room temperature, the samples were generated on the substrate.
when the molar ratio of ethanol/C6TMQA (R C6 ) was in the range 1000 to 12,000. Fluorescence microscopy and field emission scanning electron microscopy (FESEM) revealed that the bowknot-like bundles were formed from twisted fibers (Figs. 1(a) (c) ). The arm diameters of the bowknots were about 200 nm with lengths of up to several micrometers. For a given concentration of C6TMQA, the R C6 value is critical for the formation of twisted structures. Flat fi bers were generated from a C6TMQA solution with a concentration of 1.0 ×10 4 mol/L, when R C6 was less than 1000. When R C6 was in the range 12,000 to 50,000, a mixture of the bowknot-like bundles and some diamond-like microcrystals were obtained. When R C6 was over 50,000 for the same concentration of C6TMQA, diamond-like microcrystals with dimensions of 10 μm×10 μm×1 μm were formed on the substrate ( to 3000, the bowknot-like bundles were formed together with some diamond-like microcrystals ( Fig. 1(d) ). Flat fi bers and microcrystals were formed when R C6 was less than 500 and the diamond-like microcrystals alone were formed when R C6 was over Firstly, C6TMQA molecules were used as building blocks to fabricate twisted fibers. For a C6TMQA solution with a concentration of 1.0 ×10 -4 mol/L, bowknot-like bundles were generated on the substrate 3000. The solubility of C6TMQA in ethanol is poor, while that in THF is good. Upon solvent evaporation of the C6TMQA solution in ethanol/THF, the ratio of ethanol to THF will increase because THF is more volatile than ethanol [35] . For C6TMQA solutions with a high R C6 value, the solvent evaporation induces rapid crystallization of C6TMQA molecules and the formation of the diamond-like microcrystals [34] . In order to study the assembly of QA derivatives with different molecular structures, C10TMQA molecules with longer alkyl chains were employed. When a C10TMQA THF solution with a concentration of 1.0 × 10 -4 mol/L was used, twisted fibers were obtained when the molar ratio of ethanol/C10TMQA (R C10 ) ranged from 6400 to 15,000. The twisted fibers exhibited orange emission as recorded by fluorescence microscopy ( Fig. 2(a) ). FESEM microscopy images illustrate that the twisted fibers are formed by coiling of thinner fi bers (
and that the diameter of the twisted fi bers was about 300 nm and the twist pitch was about 500 nm, based on the statistical evaluation of about 1000 pieces of twisted fibers. For the same concentration of C10TMQA, when R C10 was less than 3400, fl at fi bers similar to those prepared from pure THF solution [34] were obtained ( The morphologies of the twisted structures are concentration-dependent. For a more concentrated solution (3.0 × 10 -3 mol/L), more diversified twisted structures were generated from C10TMQA solutions with R C10 values from 500 to 3500. The twisted fi bers displayed orange luminescence and self-wave-guided emission characteristics, which could be observed by luminescence microscope imaging ( Fig. 3(a) ). The FESEM images further illustrate that a variety of hierarchical self-assembled structures such as single twisted fi bers, single twisted tapes, twisted bundles, and twisted tubes were formed (Figs. 3(b) (d) ). The different morphologies had different twist pitches of 2.05 μm for single twisted fibers, 2.52 μm for single twisted tapes, 5.35 μm for bundled twisted fibers, and 6.4 μm for twisted tubes. It is worth noting that the twisted tube is enclosed by four twisted tapes ( Fig. 3(d) ). The C10TMQA molecules partly selfassembled into twisted fi bers if R C10 was less than 500 ( Fig. S-3 in the ESM). When R C10 was over 3500, the twisted fi bers were more curled. Owing to the lack of chirality in C6TMQA, C10TMQA, and the solvents, both left-and right-handed twisted fibers were observed in all cases, and the twisted samples were racemic mixtures. The twisted morphologies could be prepared on different substrates (silica, glass, mica, S-4 in the ESM) suggesting that these twisted fibers may be used to fabricate microelectric devices on such substrates. In addition, some other solvents, such as water, aliphatic alcohols (methanol, n-propanol, i-propanol, n-butanol, t-butanol, n-pentanol, n-hexanol, n-heptanol, n-octanol, and n-decanol) and aliphatic acids (formic acid, acetic acid, propionic acid, and butyric acid), were also used as dopant solvents to study the assembly properties of C10TMQA in different mixed solutions. However, the twisted fi bers were generated only in n-propanol/THF, i-propanol/ THF, acetic acid/THF, and propionic acid/THF solution systems (3.0 × 10 -3 mol/L, R C10 = 700) ( Fig. S-5 in the ESM). The twisted fibers could also be generated from dilute solutions of C10TMQA in pure ethanol, n-propanol or i-propanol (Fig. S-6 in the ESM). These results illustrate that the molecular structures and polarity of the dopant solvents have a critical effect on the twisted self-assembly properties of C10TMQA molecules. mol/L), similar R C10 -dependent absorption properties were also observed ( Fig. S-7 in the ESM). In addition, when R C10 reached 19,600 for the more concentrated solution, some twisted fibers were observed in the solution system. Experimental and theoretical studies have revealed that the typical face-to-face aggregation or H-aggregation of aromatic π-systems can result in an increase in the intensities of 0 1 and 0 2 transitions, and in turn lead to an increase of the A 0→1 /A 0→0 value [36, 37] , while the slight red-shift of the absorption spectra may be attributed the increase in particle size [38] .
To understand the molecular packing mode of the twisted structures, several measurements were performed on twisted and flat fiber samples. Differential scanning calorimetry (DSC) showed that the twisted and flat fibers have different thermodynamic behaviors (Fig. S-8(a) in the ESM) . The fl at fi ber displayed only a melting peak at around 182 °C, whereas the twisted samples prepared from different doped alcohols (ethanol, n-propanol, and i-propanol) all exhibited a small endothermic peak at about 100 °C, and then melted at about 182 °C. Thermogravimetric analysis (TGA) curves showed that the twisted fi bers lost 3.20% in weight between 70 °C and 130 °C, which can be attibuted to the loss of small molecules (Fig. S-8(b) in the ESM). The twisted and fl at fi bers showed quite different powder X-ray diffraction (XRD) patterns, while the annealed twisted fi bers displayed similar an XRD pattern to that of the fl at fi bers (Fig. S-9 in the ESM). Although the twisted fi bers heated at below 110 °C still retained a twisted morphology, they displayed a green fluorescence, similar to that shown by the fl at fi bers (Fig. 5) . These results suggest that the twisted samples may undergo a solid-state phase transformation process because of loss of ethanol upon annealing [39] , and that the twisted and flat fibers had different molecular packing properties with the molecular packing mode of the twisted fibers being transformed into that of the fl at fi bers upon heating. The XRD pattern (Fig. S-9 in the ESM) calculated from the single crystal X-ray data of C10TMQA is similar to that for the fl at fi bers, suggesting that the molecular packing structure of the fl at fi bers is analogous to that in single crystals of C10TMQA.
A single crystal X-ray diffraction study (the details are given in the ESM) revealed that the molecular packing structure of the C10TMQA crystal displays obviously anisotropic features. Along the b axis direction the C10TMQA molecules stack into infinite 1-D molecular columns (Fig. 6(a) ). The crystal structure suggests that C10TMQA molecules have a natural tendency to aggregate into linear 1-D structures. The single crystal structure of C10TMQA therefore provides a rational explanation for the formation of the flat fibers. To understand the mechanism of formation of the twisted structures, molecular simulations were performed on the C10TMQA molecule with and without ethanol. First, the geometries of the C10TMQA monomer without any ethanol and the C10TMQA monomer with two ethanol molecules were optimized at the B3LYP/3-21G level. Then, the C10TMQA monomers with or without ethanol were arranged in parallel to form dimers. Finally, geometry optimizations of the C10TMQA dimers with or without ethanol molecules were carried out based on the Gaussian 03 implementation of semiempirical AM1 calculations [40] . The calculated results show that for the C10TMQA dimer without ethanol molecules the two C10TMQA molecules adopt a parallel orientation (Fig.  6(b) ), which is similar to the structure in the single crystal. However, for the C10TMQA dimer with four ethanol molecules, the two C10TMQA molecules display a staggered orientation (Fig. 6(c) ). Figures 6(c)-L and 6(c)-R display the mirror image features of the left and right handed C10TMQA dimers, confirming the chiral characteristic of the dimers with ethanol molecules. If the staggered C10TMQA dimers (with four ethanol molecules) are arrayed along the calculated orientation, a twisted structure can be generated (Fig. 6(d) ). The actual mechanism of formation of the twisted structures reported in this study is likely to be very complicated, and therefore, the above calculations can only demonstrate that in the presence of the ethanol molecules, C10TMQA molecules have the tendency to aggregate into the twisted structure. At present, we cannot give any further explanation of this phenomenon. In fact, FT-IR and 1 H NMR spectroscopy showed that ethanol molecules really are co-assembled with C10TMQA molecules (Figs. S-10 and S-11 in the ESM) confi rming that ethanol molecules are essential for the formation of twisted structures. [17] Takeuchi, M.; Tanaka, S.; Shinkai, S. On the influence of porphyrin π-π stacking on supramolecular chirality created in the porphyrin-based twisted tape structure.
In conclusion, the achiral C6TMQA and C10TMQA molecules are able to spontaneously assemble into twisted nanostructures in their solutions in THF with certain concentrations and co-solvent compositions. The introduction of ethanol into the solution induces the staggered aggregation of C6TMQA or C10TMQA molecules and the formation of twisted structures upon the evaporation of THF and ethanol. For a THF solution of C6TMQA or C10TMQA, the molar ratio of ethanol/C6TMQA or C10TMQA (namely R C6 or R C10 ) has a dramatic effect on the assembled structures. When R C6 or R C10 was controlled within a particular range, twisted structures could be easily obtained. These twisted materials generated from achiral organic functional molecules may be valuable in the design and fabrication of new materials for optoelectronic applications.
